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Abstract

Sugars and related polyols are critical components of all organisms
and may have been necessary for the origin of life. To date, this
class of organic compounds had not been definitively identified in
meteorites. This study was undertaken to determine if polyols
were present in the early Solar System as constituents of
carbonaceous meteorites. Results of analyses of the Murchison
and Murray meteorites indicate that formaldehyde and sugar
chemistry niay be responsible for the presence of a variety of
polyols. We conclude that polyols were present on the early Earth
through delivery by asteroids and possibly comets.
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Carbonaceous meteorites contain a diverse suite of soluble

organic compounds. To date, these compounds provide the only
record available for the laboratory study of organic chemical
processes in the early Solar System. The Murchison meteorite is
the best-characterized carbonaceous meteorite with respect to
organic chemistry. The study of its organic compounds has been
important in understanding aqueous processes on carbonaceous
meteorite parent bodies chemistry as well as the formation of
compounds of potential importance for the origin of life. Among
the classes of organic compounds found in Murchison are amino
acids, amides, carboxylic acids, hydroxy acids, sulfonic acids,
phosphonic acids, purines and pyrimidines (1). These compounds
such were quite likely delivered to the early Earth in asteroids and
comets (2,3).

Notably absent among the classes of biologically important
compounds accepted to be indigenous to carbonaceous meteorites
are polyhydroxylated compounds (polyols) including sugars
(polyhydroxy aldehydes or ketones), sugar alcohols and sugar
acids. These compounds are essential in contemporary
biochemistry: ribose and deoxyribose, five-carbon (5-C) sugars,
are structural components of nucleic acids, RNA and DNA, and



glycerol, a three-carbon (3-C) sugar alcohol, is a constituent of all

known biological membranes. Due to the reactivity of sugars,

some researchers have questioned the life times of sugars under

the presumed conditions on the early Earth and postulated other

(more stable) compounds as constituents of the first replicating

compounds or their precursors (4,5). The identification of

potential sources and/or formation mechanisms of pre-biotic

polyols would add to our understanding of what organic

compounds were available, and for what length of time, on the

ancient Earth. In this regard, meteorites serve as a model of what
organic compounds were available abiotically in the early Solar
System.

Earlier studies on the possible presence of sugars in (pre-
Murchison) meteorites (6,7) reported glucose and/or mannose (6-
C) in eight meteorites (predominately carbonaceous meteorites),
much smaller amounts of arabinose (5-C) in three carbonaceous
meteorites, and xylose (5-C) in an enstatite meteorite. These
studies used thin-layer chromatography or UV-VIS detection.
The authors also reported several amino acids in the same
samples. However, with the exception of the Murray meteorite,
all of the examined meteorites had fallen at least fifty years before
the experiments thus increasing the chance of microbial
contamination. The authors and a later reviewer (8) concluded
that at least a portion of the identified compounds could have been
contaminants.

The present study was intended to determine if soluble sugars, and
polyols in general, are present in carbonaceous meteorites by using
gas chromatography-mass spectrometry (GC-MS) as the means of
identification. Results are reported from analysis of water extracts
of the Murchison and Murray carbonaceous meteorites.
Murchison, which fell in 1969, is generally regarded as the least
contaminated carbonaceous meteorite. Murray, also a
carbonaceous meteorite, has an organic compound content that is
qualitatively similar to Murchison. Sample preparation and
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purifications were, in some cases, similar to previous techniques
and identification of compounds were done by derivatization to
their trimethylsilyl (TMS) and/or tertiary butyl-dimethylsilyl (t-
BDMS) forms (9).

Our analyses of Murchison and Murray extracts show that a
variety of polyols are present in carbonaceous meteorites (Fig. 1).
The identified compounds include a sugar, dihydroxyacetone;
sugar-alcohols; sugar mono-acids; sugar di-acids; and "deoxy"
sugar acids (or "saccharinic" acids). In general, the compounds
follow the abiotic synthesis pattern of other meteorite classes of
organic compounds (1): decreasing abundance with increasing
carbon number within a class of compounds and many, if not all,
possible isomers present at a given carbon number. Many of the
compounds shown were positively identified by comparison of
their mass spectra to commercially available standards (Fig. 2).
Deoxy sugar acids were synthesized (below). Murchison and
Murray are similar with respect to the presence of individual
polyols.

Dihydroxyacetone, the only monomeric sugar identified in water
extracts, was seen in all Murchison extracts and the Murray
extract. It was relatively abundant in one Murchison sample (Fig.
3). In two of the Murchison extracts and the Murray extract the
mass spectrum was weak (due to lower abundance) although it
could be identified by ion searches for characteristic mass
fragments (Fig. 2). In addition, analytical procedures using
standards of dihydroxyacetone resulted in less than quantitative
recoveries (in contrast to ribose) (9). If dihydroxyacetone was
present due to contamination, e.g., microbial or soil, a wider array
of sugars should also have been seen (10,11 ).

Results of analysis for the 2-C analog of dihydroxyacetone,
glycolaldehyde, were inconclusive and further analyses are in
progress. 6-carbon monomeric sugars were not seen in water
extracts, however, we cannot rule out the presence of compounds



containing them as there was suggestive evidence (mass spectra)

of their presence in di-compounds in the largest Murchison

sample. These analyses are also in progress.

The so-called sugar alcohols begin with glycerol; however, the 2-

C homologue, ethylene glycol, is also present and seen in both

meteorites. The series begins with ethylene glycol and extends to

at least C-6 members. These compounds were initially identified

as their tBDMS derivatives based on comparison of their mass

spectra and retention times to standards. Ethylene glycol and

glycerol are the most abundant of all identified polyols. Glycerol is

often, but not always, the most abundant member of the series.

Concentrations of indicated polyols were determined by GC-MS

and should be considered approximate as there is significant

variation with sample. Glycerol is present in Murchison at

approximately 160 nmole/gram, i.e., roughly double the highest
concentration found for an individual meteorite amino acid (1).

There is a significant drop in abundance from glycerol to higher C

alcohols - the detector responses of threitol and erythreitol were

approximately 100 times less than that of glycerol. 4-C and higher

sugar alcohols are lower in abundance than all of the other

(definitively) identified polyols.

Glycerol, as well as some of the other sugar alcohols, is

widespread in nature and therefore a portion of the compound

could be a contaminant either from analytical procedures (although
none was seen in blanks) or from microbial action within the

meteorite sample. However, given the relatively large amounts

seen in all samples and the fact that the sugar alcohols are present

in an abiotic distribution pattern makes it likely that a significant

amount of the identified glycerol is indigenous to the meteorites.
In this regard, the 4-C alcohol, erythritol, which is found in nature.

and its rare isomer (12), threitol, are nearly equal in abundance in

both Murchison and Murray. The 3-C "deoxy" sugar alcohols. 2.
3-propanediol and 1, 3-propanediol, were not seen in any sample.
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This may be important from a synthetic point of view (below).
Also identified in Murchison (as their TMS derivatives) were
inositols, 6-C cyclic alcohols. However, they must be fully
characterized as some of the nine possible stereoisomers are
widely distributed in nature (13).

To determine the bulk isotopic content of neutral compounds, the
neutral fraction of compounds from a Murchison extract, obtained
by ion exchange chromatography, was acid hydrolyzed and re-
fractionated (9). This resulted in the isolation of (predominately)
sugar alcohols, i.e., ethylene glycol, glycerol, etc. The isotope

values obtained were 513C - -5.89 (oo) and 5D = +119 (_o).

These values are uncorrected for terrestrial carbon and hydrogen
contributed during analytical procedures and thus should be
considered lower limits. Even so, they lie outside the range of
typical terrestrial organic compounds (14) and are consistent with
values obtained for other classes of meteoritic organic compounds
(1). This suggests that the majority of these compounds are
indigenous to the meteorite. Isotopic analysis of individual polyols
(in progress) may shed light on synthetic relationships among the
various classes.

The sugar mono-acids (aldonic acids), begin with the 3-C
member, glyceric acid and extend to at least the C-6 isomers (Fig.
1). The 2-C analog of glyceric acid, glycolic acid, as well as other
mono-hydroxy acids, are well known constituents of
carbonaceous meteorites (1). The abundance of glyceric acid, -80
nmole/gram, is similar to that of the more abundant amino acids.
The pattern of sugar acids is also abiotic, for example, 2-methyl
glyceric acid (2-MGA), a relatively uncommon compound in
nature, is also abundant. Its detector response (TMS derivative)
was approximately one-sixth that of glyceric acid. Erythronic and
threonic acids (- 4 nmole/gram) were nearly equal in abundance
in one Murchison extract (Fig. 3B), however, the ratio of
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erythronic to threonic varied from approximately two to three in
other samples and a glucose degradation experiment (below). The
detector response of ribonic acid (TMS derivative) was roughly
one-third that of threonic acid. Tartaric acid is the first member of

the sugar dicarboxylic acid series. As with erythritol/threitol,
tartaric acid (racemic) and its rare terrestrial isomer, meso tartaric
acid, are nearly equal in abundance.

Deoxy sugar acids (Fig. 1B), or "saccharinic" acids in the context
of sugar chemistry, usually refer to polyhydroxylated organic acids
in which one or more hydroxyl groups (bonded to C) is replaced
by hydrogen. The deoxy acids in Fig. 1B are less common in
nature than sugars and laboratory standards are not available
commercially; however, they are well known products of alkaline
reactions of sugars (13,15,16). In this study, they were
synthesized by known methods of alkaline degradation of 6-C
sugars; 2-deoxy 5-C and 6-C acids (Fig. 1B) were also
synthesized by acid oxidation of the corresponding 2-deoxy sugars
(9). Their TMS and tBDMS mass spectra were then compared to
compounds in both meteorites and (TMS derivatives) to literature
spectra (17). In the largest Murchison sample the detector
responses of the 4-C members were roughly 4-5 times higher than
those of the 4-C mono-acids (erythronic and threonic).

There are two possible (excluding enantiomers) straight chained 5-
C 2-deoxy mono acids (2-deoxypentonic acids) and both are
apparently present in Murchison. Due to low abundances
quantitation was not possible, however, their detector responses
were roughly twenty times less than that of ribonic acid. 2-
deoxyhexonic acids as well as 5-C and 6-C deoxy dicarboxylic
acids may also be present, however, due to their low abundances
and resulting lower quality mass spectra, their presence cannot yet
be confirmed. Compounds of matching GC retention times and
apparently of the same molecular weights (tBDMS derivatives)
are seen. In any case their abundances would be well below
those of the 5-C and 6-C mono-acids (ribonic, gluconic, etc.). In



Murchison, a 3-deoxyhexonic acid (a "metasaccharinic" acid)

was identified (Fig. 1); its detector response was approximately

equal to that of the 2-deoxypentonic acids. At least one 3-

deoxypentonic acid is tentatively identified, the detector

response(s) is clearly less than that of the 3-deoxyhexonic acid.

Other, unidentified, compounds with TMS mass spectra similar to

those of deoxy sugar acids (17) are also present. These could

include branched deoxy acids.

A plausible synthetic origin for at least of some of the polyols in

Murchison and Murray involves the photolysis of interstellar gases
on interstellar grains. Laboratory experiments intended to simulate

interstellar/solar system processes (18,19) have shown that a

variety of relatively low molecular weight compounds are formed

from the low temperature (<100K) UV photolysis of frozen gases
(CO, NH 3, H20, etc.) known to be interstellar medium (ISM)

constituents. When such photolyzed ices are allowed to warm

some of the identified compounds (also observed in this work) are

glycerol, glyceric acid, and ethylene glycol. In addition, there is

evidence that photolysis may have played a role in the synthesis of

other meteoritic compounds (20). Some compounds produced in

the photolysis experiments have not been found in carbonaceous

meteorites. However, in general, compounds in the higher
molecular weight range of the present compounds have not

reported from such experiments.

Another possible mode of synthesis of the meteoritic polyols
involves the aqueous chemistry of formaldehyde. The most

generally agreed upon mechanism for natural abiotic synthesis of
sugars is the "formose" reaction (21). In laboratory formose

reactions, formaldehyde (CH20), in aqueous solution at neutral to

basic pH, reacts to produce a variety of hydroxylated compounds,
predominately sugars, of carbon number up to at least seven.
Several lines of evidence suggests that the formose reaction would

have been possible on the parent bodies of carbonaceous

meteorites: aqueous alteration occurred on the parent bodies
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and/or precursor interstellar ices (22,23); water extracts of
carbonaceous meteorites are commonly slightly basic (pH ---7-9);
formaldehyde is a relatively abundant and ubiquitous molecule in
interstellar space and comets (24); several small volatile carbonyl
compounds are constituents of Murchison (25); and
glycolaldehyde, necessary to form higher sugars in the formose
reaction, has recently been identified in interstellar space (26). In
addition, the condensation product (cyanuric acid) of another
interstellar molecule, isocyanate (OCN), has been identified in
Murchison (27,28) as well as possible isocyanate reaction
products (28).

As mentioned above, alkaline conditions also alter and decompose
sugars. If; in addition to dihydroxy acetone, other sugars were
also initially present on the meteorite parent body, their current
absence (or low relativeabundance) may be a consequence of the
limited lifetime of sugars under basic conditions (29,15). The
sugars may have undergone various reactions including oxidation
to acids of the corresponding carbon number, e.g., ribose to
ribonic acid (Fig. 1). Fragmentation of sugars to mono-hydroxy
acids of lower carbon number (formic, glycolic, lactic, etc.) is an
important process in alkaline solution (16). Such acids are
relatively abundant in carbonaceous meteorites (1) however we
cannot state what percentage, if any, of these (or mono-hydroxy
di-acids) were contributed by such decomposition processes.
Apha-hydroxy as well as non-alpha hydroxy acids are produced in
such reactions. The sugar-acids may have also been synthesized
by the mechanism(s) that synthesized the mono-hydroxy acids of
carbonaceous meteorites.

Meteoritic deoxy sugar acids (Fig.lB) are consistent with the
presence of sugars in alkaline aqueous solution. These compounds
are well known products of the alkaline alterations of sugars.
They have been reported to constitute as much as 10-30% of the
alkaline degradation products of sugars (16). Unlike the other 4-C
deoxy acids (Fig. 1B), 2,3-dihydroxybutyric acid is rarely
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mentioned as a sugar reaction product. It has been identified in
the alkaline degradation of polysaccharides from wood pulp (30)
where its concentration was approximately equal to that of 3, 4-
dihydroxybutyric. In our degradations of glucose there is only a
trace of one of the two isomers (at 21.24 min. in Fig 3C) - found
only after searches for characteristic mass spectral ions 203,220.
and 292 (TMS derivatives). Consistent with previous studies, we
found that 2, 4-dihydroxybutyric acid was a major product of
alkaline degradation of glucose (Fig 3C). The conditions typically
used in lab experiments are of course not likely to match those in
place during formation of meteorite organic compounds. For
example, the majority of the above-mentioned alkaline sugar
experiments were conducted using alkaline earth hydroxides
which resulted in pH values above those likely for the meteorite
parent body. However, qualitatively, reactions of organic
compounds in basic pH and low temperature are plausible
meteoritic conditions (22). The extent of parent body reactions
under these conditions may account for the differences in the
ratios of compounds between experiments and those observed in
the meteorites, e.g., 3-deoxyhexonic acids are relatively abundant
in the glucose experiments (Fig 3C) but relatively minor products
in Murchison. It should be noted that if alkaline alteration of

sugars was actually the principal mode of formation of the
meteoritic deoxy acids there was not necessarily a need for the
initial presence of deoxy sugars, e.g., 5-C deoxy sugars would not
have been required to give 5-C deoxy acids (Fig. 1). Deoxy-
sugars have not been reported in formose reactions and, as
mentioned above, deoxy sugar alcohols (3-C) were not seen in the
present study.

The above scenarios are two of what may be multiple mechanisms
capable of producing meteoritic polyols. Whatever the mode of
synthesis, polyols or similar material are a significant fraction of
meteoritic organic carbon. The majority of organic carbon in
carbonaceous meteorites is bound in an insoluble
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"macromolecular" or "polymeric" carbon phase (1). Recent
research employing _3CNMR to study the macromolecular carbon
of Murchison has demonstrated that as much as 5% of this carbon

has hydroxy and/or ether (C-0-C) bonds (31). Carbonyl bonds
(other than those in carboxylic acid groups) are also significant. If
formaldehyde condensation was a source of meteoritic polyol
monomers then it rn_iy have also contributed to the solid phase.

The fact that a large suite of related sugar derivatives, sugar
decomposition products, and the smallest sugar, are present in the
Murchison and Murray carbonaceous meteorites makes it likely
that more sugars, at one time, were also present. Other bodies
(comets or asteroids), perhaps in less advanced stages of aqueous
alteration or oxidation, may have delivered intact sugars or
formaldehyde to planets in the early solar System. However
dihydroxyacetone in the presence of minerals is capable of
producing higher sugars in aqueous solution (32). As a model of
prebiotic chemistry, the finding of these compounds in some of the
oldest objects in the Solar System suggests that polyhdroxylated
compoundswere, at the very least, available for incorporation into
the first living organisms.



Figure captions:

Figure 1A. Polyols identified in the Murchison and Murray

carbonaceous meteorites. Compounds were identified by gas

chromatography-mass spectrometry (GC-MS) as their

trimethylsilyl (TMS) and/or tertiary butyl-dimethylsilyl (t-BDMS)

derivatives (9) (Fig. 2). Some of the acids were also identified in

their cyclic (lactone) form. When commercial standards were not

available for mass spectral comparison, some of the compounds

under a category of "isomers" were identified by comparison of

their mass spectrum and GC retention time to that of the listed

member of the group. "6-C Sugars monomers were not seen but

may be present in bound forms.

12

Figure lB. Deoxy sugar acids in Murchison and Murray.

tIdentifications of 2-deoxyhexonic acids and deoxydicarboxylic

acids are tenative (see text). The analyses were stopped at 6-C

compounds although there is suggestive evidence of compounds of

higher carbon number.
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-Figure 2. Selected mass spectra of tBDMS and TMS derivatives

of standards and corresponding compounds (of the same GC

retention times) from the Murchison and Murray meteorites.

Dihydroxyacetone is derivatized as di-tBDMS; 2-methyl glyceric

acid as tri-TMS; threonic acid as tri-tBDMS; and ribonic acid as

tri-tBDMS. Ribonic acid was also identified as the lactone.

tBDMS derivatives give a characteristic molecular ion minus 57

ainu peak (M +- 57), e.g., dihydroxyacetone(tBDMS)2 = 318 amu

therefore, M + - 57 = 261 (a further loss, probably H2CO , yields a

fragment of 231 amu). tBDMS derivatives have been used

previously in other applications (33) including analysis of organic

compounds in Murchison (28). TMS derivatives give a

characteristic M + - 15 peak among others. Mass spectra of sugar

derivatives have been described in detail (17).



Figure 3A. Dihydroxyacetone and glycerol from segment of a

GC-MS total ion chromatogram (TIC) of neutral (water

soluble) compounds from the Murchison meteorite.
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Figure 3B. A portion of the TIC of acidic compounds (tBDMS

derivatives) from Murchison. Malic acid and other hydroxy

acids and pyroglutamic acid are known constituents of

Murchison (1).

Figure 3C. Reaction products (TMS derivatives) from alkaline

reactions of glucose (9) : (1) glycerol; (2) ethylene glycol;

(3) 2-methyl glyceric acid; (4) glyceric acid; (5) succinic acid;

(6) 2,4-dihydroxybutyric acid; (7) threonic acid; (8)

erythronic acid; (9, 10) 3-deoxyhexonic acids (6C); (11, 12)

lactones of 3-deoxyhexonic acids.
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